Electrons at noble metal surfaces can be confined within terraces leading to one-dimensional surface states. These can be studied with angle-resolved photoemission from vicinal surfaces with regular arrays of ͑111͒-oriented terraces. Here we show the case of Au͑23 23 21͒, which is vicinal to Au͑111͒ and displays L ϭ56 Å wide terraces. The surface state band appears broken up into three quantum well levels that match to those of the infinite quantum well of the same width L. Their parallel momentum dependent photoemission intensity allows mapping the probability density of the confined wave function in reciprocal space using angle-resolved photoemission. By Fourier transformation, their respective experimental wave functions in real space are obtained and compared to the case of the infinite quantum-well, showing excellent agreement. Final state step superlattice diffraction effects have also been observed. Finally, we observe the quenching of the characteristic spin-orbit coupling of Au͑111͒ in the confinement direction. This is another indication of the one-dimensional character of the surface state, as confirmed with first order perturbation theory.
I. INTRODUCTION
Vicinal surfaces with regular step arrays are natural templates for growing nanostructured solids with lowdimensional properties. 1, 2 They are also convenient model systems for studying the electronic properties of lateral nanostructures. [3] [4] [5] [6] [7] First of all because the macroscopic miscut angle ͑deviation from the low index plane͒ can be chosen to tune the step superlattice constant. And also because vicinal surfaces are readily prepared and accessed by powerful surface science techniques, such as scanning tunneling microscopy/spectroscopy ͑STM/STS͒ and angle-resolved photoemission. Vicinal noble metal ͑111͒-surfaces are particularly suitable because they have a free-electron-like surface state that scatters strongly at step edges. In vicinal Au͑111͒, this scattering at steps has been observed to lead to superlattice zone-folding effects in narrow terraces and onedimensional ͑1D͒ confinement in wider terraces. 5 In this work we analyze Au͑23 23 21͒, i.e., vicinal Au͑111͒ with 56 Å wide terraces. As previously found in the Au͑8 8 7͒, the electronic structure is characterized by the presence of nondispersing energy levels in the direction perpendicular to the steps, indicating total electron confinement within terraces. The wave functions of the first three quantum well ͑QW͒ levels are directly probed in reciprocal space by angleresolved photoemission, in a similar way as it is done by STM/STS in real space. 8, 9 We show that a consequence of the terrace confinement is the cancellation of the surface spin-orbit coupling ͑SOC͒ in the perpendicular direction to the steps, in contrast to the isotropic SOC observed in Au͑111͒. A direct theoretical description of the SOC using first order perturbation theory reproduces the cancellation of the spin-orbit splitting across the steps. The theory also shows that the full contribution to the SOC splitting comes from the potential gradient at the nuclear region of the first 2-3 layers. On the other hand, the superlattice nature of the vicinal surface shows up in the diffraction of the final state, in analogy to low-energy electron diffraction ͑LEED͒ electrons.
II. EXPERIMENT
The photoemission data has been acquired with a hemispherical Scienta SES200 spectrometer equipped with angle and energy multidetection and coupled to an undulator PGM beam line at the Synchrotron Radiation Center ͑SRC͒ of the UW-Madison. The energy and angular resolution were 20ϩ7 meV ͑photons ϩ electrons͒ and 0.39°, respectively. The emission plane for multidetection was set perpendicular to the incidence plane of the light (p polarized͒, such that a complete two-dimensional map could be taken by changing the tilt, i.e., rotating the sample ϳ12°around the axis of the spectrometer. In Fig. 1͑a͒ we schematicaly show the geometry of the photoemission experiment from a vicinal surface. Here the (x,y,z) coordinates are related to the average surface plane and the (xЈ,yЈ,zЈ) to the ͑111͒ terrace plane. In this work we only show cuts from two-dimensional maps in the direction perpendicular and parallel to the steps. These two relevant directions of the surface were identified by the characteristic splitting of the LEED spots in the direction perpendicular to the steps, and cross checked by the splitting of the spectra due to diffraction by the step array. The single crystal was prepared by extensive sputtering-annealing cycles until the LEED pattern displayed a clear spot splitting. The experiments were performed with the surface held at 120 K. Figure 1͑b͒ shows an STM image of Au͑23 23 21͒ on a large scale. This high index surface is vicinal to Au͑111͒ with a miscut angle of 2.4°towards ͓2 11͔. The surface is composed of monoatomic ͕111͖-like steps that separate terraces of nominal width Lϭ56 Å. The inset shows a zoom of a few terraces where the corrugation due to the terrace levels has been subtracted. This enhances the disconmesuration lines running perpendicular to the step edges that indicate the presence of alternating fcc-and hcp-packed domains along a single terrace. Figure 1͑c͒ displays the terrace width distribution ͑TWD͒ of this surface measured over 30 images and more than 200 terraces, which is compared to the TWD of Au͑8 8 7͒. The resulting average terrace width values for both vicinals are ͗L͘ϭ39Ϯ4 Å for Au͑8 8 7͒ and ͗L͘ϭ56 Ϯ6 Å for Au͑23 23 21͒, which corresponds to miscut angles of ␣ϭ3.5°and ␣ϭ2.4°, respectively. The ratio of Gaussian standard deviation and mean terrace width is /͗L͘ϭ0.11 for both surfaces. If we compare this value to those found at different vicinal Cu surfaces, the latter are higher by a factor of 2 or 3. 10 This narrower terrace width distribution in Au͑23 23 21͒ is a consequence of an effective stronger repulsive step-step interaction, which in turn appears to be due to the surface reconstruction. 11 It is important to remark that, the averaging character of the angle-resolved photoemission requires surfaces with very narrow TWD in the scale of the photon beam size, which is typically of the order of 0.5-1 mm 2 .
III. 1D TERRACE CONFINEMENT
In general, the step array on noble metal vicinals induces anisotropy in the surface electronic structure. [3] [4] [5] [6] [7] The freeelectron-like dispersion along the terraces still shows no influence of the step array. However, in the perpendicular direction the terrace width determines a completely different electronic structure: the surface state dispersion appears as a band with the superlattice zone folding for narrow terraces while it splits into flat, nondispersing energy levels for the wider terraces. 5 The latter is the case of Au͑23 23 21͒. In Fig.  2 the photoemission spectra near the Fermi level show the dispersion of the surface state peak parallel (y direction͒ and perpendicular (x direction͒ to the steps. The momentum parallel to the average surface is obtained from the emission angle and the measured kinetic energy with respect to the vacuum with the well-known formula
where k and q are the momentum inside and outside the crystal, respectively. In the presence of surface umklapp the parallel momentum inside the crystal is given by k x,y ϭq x,y ϩg x,y , where g x,y is a surface lattice vector. Such surface FIG. 1. ͑a͒ Geometry of the angle-resolved photoemission experiment ͑left͒ and a vicinal surface ͑right͒. The two reference systems used in this work are indicated in the right figure, i.e., (x,y,z) respect to the average ͑optical͒ surface and (xЈ,yЈ,zЈ) respect to the ͑111͒ terrace. ͑b͒ STM image of Au͑23 23 21͒ showing straight monoatomic steps and ͑c͒ the corresponding terrace width distribution. The inset in ͑b͒ shows the detailed structure at a smaller scale. The corrugation due to the terrace levels has been subtracted in order to enhance the terrace corrugation. Bright and dark areas indicate the presence of disconmensuration lines that separate the alternating fcc-and hcp-packed layers within the same terrace ͑Ref. 11͒.
umklapps are observed in our experiment, as we show later. In order to avoid these umklapp features, a photon energy of 60 eV was used for the energy analysis of the nondispersing features in the direction perpendicular to the steps. On the other hand, the direction parallel to the surface does not show any umklapp and thus a lower photon energy of 23 eV was used to maximize the energy resolution. The different dispersing behavior along the x and y directions is already observed in Fig. 2 . The dispersion parallel to the steps is identical to the flat Au͑111͒ surface, i.e., free-electron-like band and momentum dependent splitting due to the surface SOC ͑marked with ticks in the figure͒. In contrast, the spectra perpendicular to the steps show three nondispersing energy levels, indicating electron confinement along this direction. Similar 1D quantum well levels have been also observed in Au͑8 8 7͒. 4, 5 Both Au͑23 23 21͒ and Au͑8 8 7͒ are already in the large terrace width regime, where 1D confinement of the surface electrons takes place. At a smaller terrace width (L c Ӎ15 Å), a transition to a 2D superlattice state is expected. 5 On the other hand, no spin-orbit splitting is observed within the energy resolution in the perpendicular direction.
The photoemission intensity of the three QW levels is clearly modulated along the direction perpendicular to the steps. This can be better observed in Fig. 3͑a͒ , where a gray scale plot of the second derivative of the raw data is shown together with the data for Au͑8 8 7͒. The second derivative of the EDC curves can be roughly taken as proportional to the ratio between the intensity I and the width W of the peaks I/W. 12 Since the width of the QW levels do not show any significant change, we can directly compare these derivatives and the photoemission intensity. Thus, the gray scale plot of Fig. 3͑a͒ represents the three QW levels and their angulardependent intensity. The dashed lines correspond to the average of the peak energies obtained by line-fitting the individual spectra of Fig. 2 right ͓the intensity maxima of the Nϭ2 level in Fig. 3͑a͒ right is slightly shifted from the average value in the fitting due to the effect of the Fermi edge on the second derivative͔. Note that the intensity maxima of the QW levels intersect the free-electron-like band of the flat, infinite terrace width surface. This is analogous to 2D QW energy levels tracking bulk bands in thin films.
In Fig. 3͑b͒ , the energies obtained by fitting the EDC spectra are plotted together with those of Au͑8 8 7͒. The fitting was done with three Lorentzians after substraction of a Shirley and a smooth background, all convoluted with a Gaussian in order to account for the overall experimental resolution. The three energy levels ͑Ϫ0.420,Ϫ0.250, and Ϫ0.055 eV͒ match very well with the levels corresponding to the infinite QW of the same width Lϭ56 Å, as shown in Fig. 3͑b͒ . The energy of the Nth level for the infinite QW is referred to E F ϪE 0 , i.e., the ground state of the surface with a terrace of infinite width (Lϭϱ):
Fitting the energy levels of Au͑23 23 21͒ with Eq. ͑2͒, and taking the reference energy as the only parameter we obtain E F ϪE 0 ϭϪ0.460 eV, whereas in Au͑8 8 7͒ the reference energy found was E F ϪE 0 ϭ0.5 eV. Both values lie close to the minimum of the surface state band at Au͑111͒ found at the literature, which varies between Ϫ0.5 and Ϫ0.40 eV, [13] [14] [15] [16] depending on the particular measuring conditions, such as temperature, energy and angular resolution. However, we cannot discard physical reasons to explain a lower reference energy found for narrower terraces, such as a lower density of defects. In Fig. 3͑b͒ we choose the reference energy of E F ϪE 0 ϭϪ0.480 eV to simultaneously fit the energy levels of both surfaces.
The QW peak energies obtained in the fitting have a standard deviation of ϳ15 meV for the first level and ϳ35 meV for the second level. The third level appears to be cutoff by the Fermi level. Such broadening could be either attributed to the finite TWD or to a finite transmission through the steps thus leading to a residual dispersion of the superlattice subbands. To estimate the maximum transmission probability we make use of the 1D Kronig-Penney ͑KP͒ model with ␦-Dirac potentials and potential barrier U 0 a, i.e., V(x)ϭ ͚ n U 0 a␦(x Ϫnd). Fitting our E(k) data to KP subbands we can obtain a value for the minimum potential barrier U 0 a, which is found to be 10 eV ϫ Å for Au͑23 23 21͒. For Au͑8 8 7͒ we find a significatively higher value of 25 eV ϫ Å. This corresponds to maximum transmission probabilities ͉T͉ max 2 of 0.18 and 0.04, respectively, at EϪE F ϭϪ0.1 eV, the energy where we find a QW level at both surfaces ͓see Fig. 3͑b͔͒.   FIG. 2 . Dispersion of the surface state at Au͑23 23 21͒ parallel ͑left͒ and perpendicular ͑right͒ to the step superlattice. The strong anisotropy indicates the presence of a one-dimensional surface state, i.e., a free-electron-like state parallel to the steps, but confined in the perpendicular direction, where the free-electron-like parabola splits in three different quantum well levels. These are marked with dashed lines. The ticks in the left figure indicate the spin-orbit split peaks in the direction parallel to the steps.
These differences found in the potential barriers of the two surfaces are not expected for vicinals with similar miscut angle. Moreover, the peak energies obtained in the fitting do not show any sign of zone folding as an indication of a superlattice state originated by the step array. On the other hand, the TWD would lead to an energy broadening of the QW levels. For Nϭ1 and Nϭ2 in Au͑23 23 21͒, and with our experimental TWD, this amounts to ⌬Eϭ10 meV and ⌬Eϭ39 meV, respectively. These values are similar to the standard deviation of the peak energies of each level obtained in the fitting. In addition, the overall energy and momentum broadening in the presence of a finite TWD is expected to give rise to a paraboliclike intensity modulation, such as the one observed in Fig. 3͑a͒ . Thus, we conclude that, although some small finite transmission effects could be hidden by the energy broadening coming from the TWD, the comparison of the energy levels with the infinite QW levels indicate total confinement, i.e., ͉T͉ 2 ϳ0. This result agrees with the STM experiments done on single terraces for Au͑111͒ and Ag͑111͒. 8, 9, 17 Experiments performed in Cu͑111͒ by creating quantum corrals with Fe adsorbates 18, 19 and further theoretical work 20 suggest similar reflection properties as in Au and Ag, i.e., low transmission through the scatterers. The relatively low reflectivity is explained in terms of absorption to the bulk, which is also inferred from the width of the quantum well levels. In contrast, an independent theoretical calculation of different adsorbates and missing rows found a higher transmission coefficient. 21 Nevertheless, none of these works referred to steps as scatterers, thus it is not so straightforward to relate their results with photoemission results on vicinal surfaces. To our knowledge, no photoemission experiments have been performed with Cu͑111͒ vicinals of terrace widths comparable to the ones in this experiment. The parabolic dispersion of photoemission results for a Cu͑111͒ vicinal with smaller terraces (Lϭ24 Å) still indicates some finite transmission, but this could be due to the higher surface state coupling to the bulk present in vicinal surfaces. 3, 5 It is also likely that the wider TWD found for vicinal Cu͑111͒ surfaces might convolute all QW levels in an effective parabola.
IV. DIFFRACTION OF THE FINAL STATE
In Fig. 4͑a͒ we present a gray scale plot of photoemission spectra as a function of photon energy, where we can observe momentum splitting in the direction perpendicular to the steps. The photoemission intensity switches from left to right as we go up in photon energy. The left hand feature appears dominant at 23 eV, and completely vanishes at 60 eV. The overall behavior shown in Fig. 4͑a͒ can be understood by means of the wave vector plot displayed in Fig. 4͑b͒ . Data points in this figure correspond to the electron final state momentum inside the crystal (q x ,q y ϭ0,q z ) calculated for the maximum intensity point of the Nϭ1 level, which is at the minimum of the parabolic envelopes in Fig. 4͑a͒ . q x is directly obtained from Eq. ͑1͒. Strictly speaking, q x is the parallel momentum outside the crystal but, as said in Sec. III, it can differ from the momentum inside the crystal just by a superlattice wave vector g. To a first approach, q z can be derived from free-electron-like final bands by invoking energy conservation to obtain the following expression:
where V 0 ϭ15.2 eV represents the potential step at the surface. 22 Data points line up along the ͑111͒, zЈ direction, which is represented in the figure by a solid line. This is a consequence of a broad momentum distribution of the initial state along the ͑111͒ direction that arises from the confinement of the electron within the terrace plane. 3 We can also observe a second alignment in the same direction but shifted in q x ͑dashed line͒. The average separation between the two sets of data points is 0.10 Å Ϫ1 , which is very close to the step superlattice wave vector gϭ2/dϭ0.11 Å Ϫ1 , suggesting a surface umklapp process. This umklapp can only come from the final state, since the QW state is confined within a single terrace and therefore cannot be diffracted by the periodic potential of the step superlattice. Therefore, we can say that the zero (g 0 ) and first diffracted order (g 1 ) of the superlattice are observed in the photoemission spectra.
In principle the diffraction of nonlocalized photoelectrons should be identical to diffraction in LEED. In order to check this analogy we can use the kinematical approximation to derive the following simple relations for the in-phase ͑sin-glet͒ and anti-phase ͑doublet͒ conditions of the ͑00͒ LEED spot in a vicinal surface:
where s is an integer ͑half-integer͒ for in-phase ͑antiphase͒ condition and d is the step height in Å. This equation holds for normal incidence and backscattering referred to the ͑111͒   FIG. 4 . ͑a͒ Dispersion in the direction perpendicular to the steps for different photon energies, showing a duplication of the parabolic envelope of QW states due to surface umklapp ͑b͒ (q x ,q z ) final state wave vector components inside the crystal (q x outside the crystal, see text͒ calculated at the center of the parabolas in ͑a͒. The reference system is the optical plane ͑see the figure below͒. Data points fall along two lines parallel to the ͓111͔ direction, which are separated by a reciprocal lattice vector gϭ2/d of the step superlattice, as expected for step superlattice umklapp. The spectral distribution in Fig. 4͑b͒ agrees with the real space description of the Nϭ1 QW state wave function confined within ͓111͔ terraces, as shown below.
terraces, which is the emission direction of the maximum intensity point of the Nϭ1 level that we are comparing. In the energy range of our photoemission experiments, two energies for in-phase condition are found at 27 and 61 eV, and one antiphase condition at 42 eV. In order to compare this values with the photoemission diffraction, we can obtain the kinetic energy of the photoelectron at the Fermi level from the relation E kin ϭhϪ, where ϭ5.3 eV is the work function of Au͑111͒. In Fig. 4͑a͒ we see single order spectra at kinetic energies of ϳ18 and 55 eV, similar to the kinetic energies for in-phase condition in LEED.
V. MAPPING THE WAVE FUNCTION
From the fitting to the EDC curves we can obtain the angular modulation of the photoemission intensity shown in Fig. 5͑a͒ . In a previous work, 5 a formalism was presented where a direct relation between the angle dependent photoemission intensity and the square modulus of the probability density in reciprocal space was set. In this work, the importance of including final state effects was remarked in order to obtain a more complete description of the angular dependence of the photoemission matrix element. In the derivation presented here, a more realistic final state is included which takes into account the diffraction by the step superlattice. The angular dependence of the peak area for each quantum level is directly proportional to the angle-resolved photoemission matrix element, which in first order perturbation can be expressed as
͑5͒
Here A and p are the electromagnetic vector potential and electron momentum operators and i and f the wave func- tions of the initial and final states, respectively. The initial and final wave functions can be written in the following way: 
where C is constant and the ␦(k y Ј Ϫq y Ј ) accounts for the momentum conservation in the yЈ direction. In our experiment the emission is set in the xЈzЈ plane, thus q y Ј ϭ0 and I(q x Ј ,q y Ј )ϵI(q x Ј ). At the photon energies used in the experiment and close to the surface normal q z Ј (q z Ј ӷq x Ј ,q y Ј ) is fixed by energy conservation so that the zЈ term remains approximately constant for a small emission angle range. Strictly speaking, the step superlattice direction is defined in the direction along the optical plane but for small miscut angles and for large q z Ј , we can suppose superlattice momentum transfers in the xЈ direction. Thus, the photoemission cross section only depends on q x Ј and is proportional to a linear combination of functions which represent the 1D probability density in reciprocal space shifted by g n , the reciprocal superlattice vector. This model could be extended to a 2D nanostructure without any loss of validity. 24 As seen in the previous section, by varying the photon energy, we select different diffraction orders. In Fig. 5 we show the case of 60 eV photon energy, which shows single diffracted order spectra. In such a case Eq. ͑9͒ reduces to
In the case of the infinite QW, Eq. ͑10͒ would take the following simple form:
͑11͒
By fitting the experimental intensity curves with Eq. ͑11͒ we get gϭ0.12 Å Ϫ1 , very similar to the first order superlattice wave vector g 1 ϭ2/dϭ0.11 Å Ϫ1 . In Fig. 5͑a͒ data are compared with the photoelectron intensity of an infinite QW, showing very good agreement. Note that I(q x Ј ) in Eq. ͑10͒ actually represents the square of the Fourier transform of the wave function shifted by a superlattice wave vector. Thus, after the correction of this shift, we can obtain the probability density in real space by inverse Fourier transformation of the experimental data. The result should be comparable to the densities obtained by STM. The only unknown parameter for the determination of the wave function is the phase ␦(q) in momentum space. To a first approach, we can fix ␦(q) by assuming a symmetric, real terrace potential, and thereby forcing the wave functions to be also real and either odd or even. Then, the phase is defined by the following expression:
͑12͒
where ⌰(q) is the step function. The wave function then becomes
The resulting experimental wave functions are shown in Fig. 5͑b͒ and compared to the case of the infinite well. The agreement is very good. The slight penetration observed in the experimental wave functions could be an indication of the finite value of the potential well or, in other words, a slightly wider effective terrace width. In any case, such a finite penetration does not lead to any energy dispersion within our energy resolution.
VI. SPIN-ORBIT COUPLING AT TERRACES
In the free-electron-like dispersion parallel to the terraces shown in Fig. 2 we can observe the splitting of the surface state peak due to the spin-orbit interaction. In Fig. 6 we show the second derivative of these spectra displayed in gray scale for the momentum parallel to the steps, together with the fitted parabolas. As follows from Fig. 6 the free-electron-like parabola splits in two, as observed for the surface state on the flat Au͑111͒ surface.
14, 15 The spectra has been fitted with two parabolas as shown in the figure with thin lines, and the values obtained for this splitting indicates no difference from the flat Au͑111͒ case. The energy splitting at the Fermi level is ⌬Eϳ0.122 eV and the momentum splitting ⌬kϭ Ϯ0.013 Å Ϫ1 , very similar to the values found in literature for flat Au͑111͒. 14, 15 The slightly lower Fermi crossing of both parabolas observed in our case, k F ϭ0.157, 0.184 Å Ϫ1 , are due to the upward energy shift caused by the confinement in the perpendicular direction.
The spin-orbit splitting does not show up in the QW spectra perpendicular to the steps shown in Fig. 2͑right͒ , suggesting the SOC cancellation along this direction. In fact, using two split peaks does not result in any significant improvement in the fit of the QW features, neither in any reasonable k dependence of the splitting. In order to explain this effect we need to deep into the origin of the SOC splitting. 25, 27 Retaining in the SOC term only contributions with the fastest change of one electron potential, i.e., in a region close to the nuclei and at the surface, one can write H SOC in the first order perturbation theory in the following way:
where denotes the electron spin, p and L are the momentum and the orbital angular momentum respectively, V nuc indicates the potential near the nucleus, and V surface is the potential at the surface. where I and J are the integrals representing the nuclear region and surface contributions, respectively, and m* is the effective mass of the surface state band. From this equation we can already deduce the linear dependence of the splitting on the momentum parallel to the surface, as expected from both experiment and theory. The nuclear region contribution I can be expressed in the following way:
where S is the area of the unit cell of the ͑111͒ surface and z i Ј indicates the atomic plane positions. Assuming the crystal is terminated by a constant potential V 0z in vacuum the surface contribution J is obtained
where V 0z is taken from Ref. 28 ͑in Ref. 28 the potential step is given by A 10 ) and (0) is the surface state wave function at the geometrical ͑jellium͒ edge of Au͑111͒. With V 0z ϭ11 eV and ͉(0)͉ 2 ϭ0.18 ͑Ref. 29͒ we obtain for the surface contribution to the SOC splitting at E F ⌬E surf ϭ7.6 ϫ10 Ϫ5 eV. This value, far too small to be observable experimentally, suggests that any correction introducing a more realistic description of the surface potential does not change qualitatively the obtained result. Hence the only important contribution to the SOC splitting of the surface state band results from the nuclear contribution I.
In the case of a vicinal surface the terrace surface state is a 1D QW state. Along the steps, we still have free-electronlike wave function (yЈ)ϭe ik yЈ yЈ , and perpendicular to the steps the wave function can be written in the form (xЈ) ϭA x Ј cos(k x Ј xЈϩ␦ x Ј ). With this wave function the SOC splitting is obtained as
where J x Ј ,z Ј and IЈ are integrals that represent the surface and nuclear contribution, respectively. The cancellation of the SOC splitting in the xЈ direction is clear from this equation, where ⌬E vicinal only depends on the momentum k y Ј parallel to the terrace. Assuming the gradient of the electron potential at the step is qualitatively similar to that for the terrace we obtain for J x Ј : FIG. 6 . Dispersion parallel to the steps, showing the spin-orbit splitting. The gray scale plot represents the second energy derivative of the raw data, the dots are the peak positions obtained from a fit and the lines are parabolic fit to these points. The Fermi crossings for the two parabolas are k F ϭ0.157,0.184
where V 0x Ј , V Lx Ј are the potential changes at the left and right edges of the terrace. The surface term J z Ј is given by Eq. ͑18͒. Estimating J x Ј one can note that all the potential changes at the surface and terraces are of the order of 1-10 eV and the integral in Eq. ͑20͒ is always smaller than 1. In addition, the nodes of the standing wave function at the edges of the terrace further decrease the step contribution term, giving a maximum limit for the total surface contribution of Ͻ10 Ϫ4 eV. Thus the spin-orbit splitting comes practically from the nuclear potential gradient. The reasons for that are the small potential gradients at the step edges and the surface-vacuum interface as well as the small overlap between the wave function and the step potentials at the step edges. For the integral IЈ in Eq. ͑19͒ we obtain
where a x Ј is the interatomic distance in the direction perpendicular to the step. For more than one atomic row per terrace the sum in Eq. ͑21͒ is equal to 1/a x Ј and we finally obtain IЈϭI, where I is the integral of Eq. ͑17͒ for a flat surface. This result shows that the SOC splitting on terraces is equal to that obtained for a flat surface. As follows from Eq. ͑17͒, I is proportional to the square of the nuclear charge Z, the wave function amplitude A c , and the inverse interlayer spacing through k z Ј . It decays exponentially into the bulk and decreases when c increases. The exponential demonstrates that the largest contribution results from the nuclei of the surface layer. Before estimating I we would like to note that the surface state wave function (zЈ) is averaged in the xЈ,yЈ plane and the amplitude in the nuclear region is therefore overestimated. 30 This behavior of (xЈ,yЈ,zЈ) is especially important for the precise estimate of I since the SOC splitting comes mostly from a very small sphere around the nucleus with radius R 0 ϭa B /Zϭ0.0067 Å Ϫ1 . Using c ϭ0.14 Å Ϫ1 obtained for an xy-averaged potential, 29 Eq. ͑16͒ gives a value for ⌬Eϳ1 eV, which is higher than the experimental value, as expected for an overestimated wave function. On the other hand, one can calculate the effect ive penetration in the nuclear region, n eff , from the experimental value of the splitting ⌬E exp ϭ0.122 eV, obtaining a value of n eff ϭ0.30 Å Ϫ1 . This effective penetration would decrease in 50% the probability density in the nuclear region, which is in agreement with other nonaveraged wave function calculations ͑see Figs. 2 and 11 in Ref. 30͒. Thus, we conclude that only the nuclear term of the potential gradient is important for the SOC and that, due to the damping of the surface state, only the first two or three layers contribute.
VII. CONCLUSIONS
In summary, angle-resolved photoemission data of vicinal Au͑23 23 21͒ reveal one-dimensional behavior of the surface state due to confinement at the terraces, as previously found in Au͑8 8 7͒. Comparison of the QW energy levels of both samples with the case of an infinite potential well show that the transmission probability for an electron impinging on a step ͉T͉ 2 ϳ0 in both cases. The wave functions of these lateral QW states can be directly obtained from the angle-resolved photoemission intensity analysis. These wave functions are compared to the case of an infinite potential well. The good agreement again suggests no transmission of the electron through the step edges, as has been previously observed by STM for different noble metals. 8, 9 As a consequence of the 1D confinement the spin-orbit interaction becomes anisotropic: the energy splitting in the direction perpendicular to the steps is cancelled. This result is reproduced using first order perturbation theory, which gives insight into the nature and origin of the SOC .
Finally, surface umklapp or diffraction of the final states due to the step array is observed in the photoemission spectra. A Fourier analysis of the QW states at different photon energies shows the final state split by the superlattice wave vector gϭ2/d, as expected for diffraction from the steps. The alignment of the spectra for different photon energies along the ͓111͔ direction indicates that the penetration of the QW state on the surface is perpendicular to the terraces.
